Abstract-Carotid-femoral pulse wave velocity (PWV) is considered the gold-standard measurement of arterial stiffness.
A rterial stiffness assessed by pulse wave velocity (PWV) measurement is now well accepted as an independent predictor of cardiovascular mortality and morbidity. 1 Rapid and reproducible external noninvasive methods are the gold standard for measuring PWV by recording the pressure waves at respective carotid and femoral sites. 2 Several recent studies have indicated an effect of obesity on arterial stiffness, especially when associated with metabolic disorders. [3] [4] [5] Therefore, measurements of PWV in overweight and obese subjects may be of major interest in assessing cardiovascular risk. However, obesity is a well known factor of technical operator bias when assessing PWV. 2, 6 This concerns both difficulties in obtaining pressure curves of good quality and technical difficulties in measuring distance. In this context, PWV assessment is questionable in overweight and obese subjects [2] [3] [4] 6, 7 ; therefore, a comparison between external PWV-recording transcutaneous devices and internal noninvasive methods, eg, phase-contrast MRI, could prove valuable, while also providing morphological information. 8 -10 In fact, the acquisition of cross-sectional MRI aortic vascular structural indices, provided by combined high spatial and temporal resolutions, should not be affected by either body composition or imaging plane.
The current study was designed to assess the relationship between PWV values obtained with 2 well-validated transcutaneous devices (Complior II and PulsePen) and MRI acquisition of PWV along with aortic cross-sectional mechanical properties estimated by aortic distensibility and compliance, aortic elastic modulus, and stiffness index in a population presenting isolated abdominal obesity considered to reflect a high disease risk and defined by a waist circumference Ͼ102 cm for men and Ͼ88 cm for women in overweight and obese patients (body mass index from 27 to 35 kg m
Ϫ2
).
Methods

Subject Selection
Eighteen male and 14 female subjects presenting with isolated abdominal obesity were prospectively recruited by local press advertisements or referral by general practitioners from an investigator network of the Clinical Investigation Centre. The study protocol was approved by the local ethics committee. Inclusion criteria were as follows: abdominal obesity considered to reflect a high disease risk and defined by a waist circumference Ͼ102 cm for men and Ͼ88 cm for women, 11 cardiac sinus rhythm, and signed informed consent.
Exclusion criteria were as follows: severe obesity defined by body mass index Ͼ35 kg m Ϫ2 , hypertension defined by a blood pressure Ͼ160/90 mm Hg, history of dyslipidemia, the presence of diabetes mellitus, previous history of cardiovascular disease, acute or chronic inflammatory disease, renal and pulmonary insufficiency, and, of course, contraindication to MRI. All of the subjects arrived in a fasting state at the Magnetic Resonance Centre for cardiovascular imaging studies, after which hemodynamic and transcutaneous measurements were performed at rest.
MRI Method
Images were acquired with subjects in the supine position in a 1.5-T magnet (Signa Excite, GE Medical Systems), with a maximum gradient amplitude of 33 mT m Ϫ1 , equipped with an 8-element phased-array surface coil. The acquisition protocol was initiated by the recording of localizing scans in movie mode with an ungated steady-state free precession pulse sequence (the FIESTA sequence from GE Medical Systems) for providing 3 carefully orientated planes encompassing the ascending aorta, aortic arch, and descending thoracic aorta. ECG-gated MRI with in-plane phase encoding from head to foot was acquired in this orientation. A Fast PC Cine sequence was used for determining the PWV during free breathing. 9 Scan time was 2 minutes, on average, and temporal resolution was enhanced by the recording of only 1-K space line per segment and 200 phases per cardiac cycle with view sharing. A single section was positioned on the aortic arch pilot scan, passing through the lumen of the right pulmonary artery and perpendicular to the ascending aorta. Acquisition parameters were as follows: 8-mm section thickness, 15°f lip angle, 3-to 4-ms echo time, 6-to 7-ms repetition time, 31-kHz bandwidth, 6-K space lines per segment, 32 phases per cardiac cycle with view sharing, unidirectional velocity encoding with a maximal velocity set to 150 cm s
Ϫ1
, field of view as small as possible between 300 and 380 mm with a phase field of view of 0.85, and a 256ϫ128 matrix extended to 512ϫ512 after voxel interpolation. The fast PC Cine sections were computed with the dedicated CV Flow software (GE Medical Systems), where aortic contours are detected automatically.
Analysis of MRI Data
Two sections separated by a distance (dist) of 15 cm were positioned perpendicularly to the descending aorta, with the upper section crossing the median portion of the ascending aorta, to define 3 regions of interest (ROIs). These 3 ROIs enabled PWV measurement between the median portion of the ascending aorta and, at a distal aortic level, under the diaphragm.
A simple equation was used to calculate PWV 2, 12 :
MRI Analyzer (S.P.E. Giuseppe Lio, DiaTecne, Milan, Italy), a specifically designed software program, was used to visualize and correlate MRI waveforms in the time domain to evaluate PWV. Two MRI flow waveforms were time and amplitude interpolated, with a time resolution of 1 ms. An automatic time delay calculation, based on superimposition and minimization of the square deviation between waveforms, was used. 8 A progressive time delay in arrival of the velocity wave resulted in a rightward shift of each curve. The location of the best cross-correlation on the upstroke curve portion was used to estimate the time delay used for the PWV calculation (⌬t).
The calculation of PWV was also determined by the measurement of arterial length between the different ROIs. The distance between ROI 1 and ROI 2 (dist 1 ) included the aortic root, arch, and proximal descending aorta and enabled the measurement of a proximal aortic PWV (MRI Prox PWV). The section between ROI 2 and ROI 3 (dist 2 ), including the proximal and mid-descending aorta, enabled the measurement of a distal aortic PWV (MRI Dist PWV). Finally, the section between ROI 1 and ROI 3 (dist 1 ϩdist 2 ) enabled the measurement of total aortic PWV (MRI Tot PWV; Figure 1 ). Time-velocity curves were generated for each ROI.
To calculate aortic vascular parameters (aortic distensibility, aortic compliance, aortic elastic modulus, and aortic stiffness index), cross-sectional areas of the ascending aorta were measured by tracing and were subsequently computerized by the CV Flow software at a transverse plane incorporating the proximal right pulmonary artery and, perpendicular to the ascending aorta, at 2 times the cardiac cycle: peak systolic and end diastolic phases of the cardiac cycle from a PC cine-MRI series.
Aortic distensibility and compliance were calculated according to the following formula 12, 13 : Two sections separated by a fixed distance of 15 cm are positioned perpendicularly to the thoracic aorta determining the 3 ROIs. MRI Prox PWV was determined with distance d1, and the MRI Dist PWV was determined with distance d2; MRI Tot PWV was determined by using arterial length (d1ϩd2). Right, Example of 2 normalized (or amplitude) velocity-time curves generated from 2 intra-aortic ROIs (ROI 1 and 3). The curves are scaled to represent the same peak velocity value. Time-delay calculation is based on superimposition and minimization of the square deviation between waveforms.
where AoArea max and AoArea min represent the maximal and minimal calculated areas obtained during a cardiac cycle, and ⌬P is the central pulse pressure measured by arterial tonometer. Because PWV is inversely proportional to the square root of arterial distensibility, the 1/sqrt(distensibility) variable was used to assess the relationship between PWV and distensibility.
Aortic elastic modulus was determined by the following formula 14 :
where S AD is the strain of the aortic area defined as:
AoArea min Both were derived from the aortic area measurements assuming circular geometry of the aorta.
Stiffness index was calculated according to the following formula 14 :
where SBP indicates systolic blood pressure and DBP indicates diastolic brachial blood pressure.
External Devices for PWV Measurement
Supine systolic blood pressure and diastolic blood pressure were measured after Ն10 minutes of rest, on the left arm, using a validated electronic device (Omron 705IT). Blood pressure was measured 3 times, with the average of these 3 measurements used for statistical analyses.
Peripheral pulse pressure (pPP) was calculated as the difference between systolic and diastolic values (pPPϭSBPϪDBP). Central systolic, central diastolic, central pulse pressure, and mean arterial pressure were estimated by recording the carotid pulse wave with the PulsePen tonometry device. The detailed procedures of measurement of the central pressure with the PulsePen device were developed in a previous publication. 15 Aortic PWV was measured with 2 well-validated external devices: a Complior II (Artec-Medical) and a PulsePen (DiaTecne). Both determined aortic PWV as the delay between carotid and femoral pulse wave. 16 Tests were initiated immediately after MRI time acquisition.
The Complior device, characterized by the simultaneous measurement of pressure pulses, uses dedicated mechanotransducers directly applied to the skin. A first probe was positioned at the common carotid artery, the central detection site, whereas a second probe was placed at the femoral artery site. The sensor, used to detect the pulse, produced a signal that was related to the derivative of the pressure pulse. 17 With the PulsePen device, the delay between pulse waves was determined by a single high-fidelity applanation tonometer to obtain the carotid and femoral pulse recorded sequentially in highly rapid succession, using the ECG trace as reference. 16 PWV was calculated as the distance divided by the time delay measured between pressure upstroke at each site. For both the Complior and PulsePen, distance was determined using a sliding caliper subtracting the distance from the carotid location to the sternal notch from the distance between the sternal notch and the femoral site of measurement.
The time delay was measured between the feet of the femoral and carotid waveforms. The foot of the wave was defined at the end of diastole, at the onset of the steep rise of the wavefront for the PulsePen.
Statistical Analysis
All of the statistical analyses were performed using the NCSS Statistical Software. Discrete variables were expressed as percentages, and quantitative variables were expressed as meanϮSD. Mean PWV values measured with the different methods were compared with parametric (t-paired) and nonparametric (Wilcoxon) tests. Univariate analyses of the relationship between PWV and elastic properties of the aorta were tested with Spearman's correlation coefficient. Comparisons between the various methods of PWV measurements were first analyzed with univariate analysis (Spearman's correlation coefficient), after which the results were analyzed in 2 steps according the recommendations of Bland and Altman. 18 A PϽ0.05 was considered to be indicative of a significant difference.
Results
Population Characteristics and Hemodynamic Parameters
The study population included 32 patients, 18 men and 14 women, with a mean age of 55.70Ϯ5.14 years, presenting an abdominal obesity considered to reflect a high disease risk and defined by a waist circumference Ͼ102 cm for men and Ͼ88 cm for women. Mean values of their demographic and clinical characteristics, hemodynamic parameters, internal and external distance measurements, aortic structural crosssectional data, and PWV values are given in Table 1 On linear regression analysis (Figure 2) , a relationship was observed between PulsePen PWV measurements and MRI Tot PWV measurements (Pϭ0.005; rϭ0.47; Figure 2C ), as well as between Complior PWV measurements and MRI Tot PWV measurements (Pϭ0.01; rϭ0.43; Figure 2E ), with good correlation between the different methods in these obese subjects, as confirmed by Bland-Altman analysis ( Figure 2D  and 2F, respectively) .
The same analyses also showed a very significant relationship between PulsePen and Complior PWV measurements (PϽ0.0001; rϭ0.75). The Bland-Altman analysis revealed a mean difference of values Ϯ2 SD between the 2 methods of 1.1Ϯ1.9 m s Ϫ1 (Figure 2A and 2B, respectively). 
Discussion
This is the first study to assess, in subjects presenting isolated abdominal obesity, the reliability of aortic PWV measurements obtained transcutaneously with 2 validated devices (Complior II and PulsePen) compared with aortic stiffness measurements (PWV, aortic distensibility, compliance, elastic modulus, and stiffness index) obtained with an intra-aortic noninvasive method using MRI acquisitions. Obesity is known to be related to metabolic disorders, as well as increases in cardio-cerebrovascular diseases, cardiovascular mortality, and all causes of mortality among middleaged and elderly subjects. 19 Although some studies have sought to find a link among obesity, fat mass, PWV, and elastic properties of thoracic aorta, 20 -23 pathophysiological mechanisms linking abdominal adiposity with arterial stiffening remain unclear, however, and, thus, the relationship between obesity, per se, and arterial stiffness evaluated by PWV needs to be elucidated. 24 For these reasons, methodological aspects relative to PWV measurements are of major importance in overweight and obese subjects.
Different methods are available for measuring PWV, with the gold standard being the recording of PWV between the common carotid and the femoral artery with transcutaneous devices. 2 The distance between these 2 sites must be divided by the time delay between the pulse pressure wave at the 2 different sites of signal acquisition. In fact, this measured distance is an estimation of the true distance traveled by the front wave and largely depends on body habitus. 2, 6 Moreover, assessment of the quality of the pressure waveform shape is very important because of its implication in the calculation of the time delay by the "foot to foot." MRI is the most appropriate technique to measure, both directly and noninvasively, intra-aortic path length from 2D or 3D images and can be considered to be free from operator bias. 25 A previous study 8 composed of a population of normotensive subjects aged 21 to 72 years found that PWV measured by MRI for the entire length of the thoracic aorta was not different from that obtained by applanation tonometry PWV measurements. In the present study, a good correlation was established not only between PWV obtained with both external transcutaneous devices but also with MRI PWV assessments for the entire thoracic aorta (MRI Tot PWV), as well as the proximal and distal segments of the thoracic aorta (MRI Prox PWV and MRI Dist PWV), in a population composed of overweight and obese subjects. The use of a sliding caliper and the method of length calculation between carotid and femoral sites may be the explanation for these good correlations. For both PulsePen and Complior measurements, the distances between the arterial points were assessed by a straight line, obtained with a sliding caliper, as the distance between the recording site at the femoral artery to the suprasternal notch minus the distance from the recording site at the carotid artery to the suprasternal notch. From a physiological standpoint, such length measurement can be considered as approaching the "true length" assessed by computing MRI between the 2 ROIs on the total thoracic aorta. Although statistically highly significant, the observed correlations between mean MRI PWV values and transcutaneous PWV values are somehow different; this point is rather expected, because, in the case of transcutaneous measurements, PWV values reflect not only thoracic aorta stiffness, as with MRI, but also abdominal aorta and iliac artery stiffness. The fact that mean MRI proximal PWV values are lower than mean MRI distal PWV values is in concordance with biophysiological knowledge because of the rise in PWV values as the distance from the heart increases.
In MRI, local arterial wall properties are defined as cross-sectional area wall properties and are derived from pulse pressure measurement and vessel dimensions with good spatial and temporal resolutions. As expected, aortic distensibility and compliance assessed by MRI were inversely correlated to MRI Tot PWV, MRI Dist PWV, and PulsePen PWV and positively correlated to the elastic modulus and aortic stiffness index. 12 Of note, the best relationships between PWV and cross-sectional aortic distensibility were found when we compared PWV with the inverse of the square root of distensibility (see Figure 3) , which is theoretically expected from the formula relating PWV and distensibility. 13 
Perspectives
Assessment of arterial stiffness in overweight and obese subjects may be of major interest in the evaluation of cardiovascular risk. So far, obesity has been considered a technical and practical limitation of transcutaneous measurements of PWV, which is a major indicator of arterial stiffness. The major interest of the results of the present study is the reliability of transcutaneous PWV measurement in subjects with overweight and moderate obesity. A limitation of this study is that we did not include subjects with morbid obesity, and, therefore, we cannot make conclusions regarding the reliability of PWV measurements for body mass index over 35 kg m Ϫ2 .
Conclusions
In summary, this is the first study to indicate that, for body mass index values Յ35 kg m Ϫ2 , PWV measured externally with a Complior or PulsePen validly reflects values obtained directly in the thoracic aorta through MRI.
